In order to study the immune response elicited by asymptomatic carriage of Neisseria meningitidis, samples of serum, peripheral blood mononuclear cells (PBMCs), and saliva were collected from a cohort of more than 200 undergraduate students in Nottingham, United Kingdom, who were subject to high rates of acquisition and carriage of meningococci. Serum immunoglobulin G levels were elevated following increases in the rate of carriage, and these responses were specific for the colonizing strains. ؉ CD4 ؉ population, leading to the conclusion that an unbiased T-helper subset response was elicited by meningococcal carriage.
Neisseria meningitidis colonizes the human nasopharynx, from where invasion of underlying tissues may result in a number of severe, possibly fatal, clinical syndromes. It is the most common cause of pyogenic meningitis, and causes outbreaks of invasive disease. A number of such outbreaks have recently been reported at universities in the United Kingdom (12) , where the rates of asymptomatic carriage are known to be particularly high (30) . The worldwide incidence of meningococcal infections is increasing, particularly those due to serogroup B, for which there is no available vaccine.
Immunity to invasive meningococcal disease appears to be dependent upon serum immunoglobulin G (IgG), which, together with complement, elicits bactericidal activity (20) . Those who recover from an invasive infection usually remain protected from disease for life (25) . There appears to be an inverse relationship between serum IgG levels and incidence of invasive disease, highlighting the importance of IgG in protection. A cellular response is extremely important in generating and maintaining this protective immunity. T-helper cells are required for the generation and maturation of humoral responses against T-cell-dependent protein antigens, providing immunological memory. The cellular response and cytokine profiles elicited by invasive disease have been studied, although not extensively. Kornelisse et al. (24) measured cytokines in the serum and cerebrospinal fluid of children with meningitis and found elevated levels of interleukin-12 (IL-12) and gamma interferon (IFN-␥) but not IL-6, IL-8, or IL-10. A study of cytokine secretion by peripheral blood mononuclear cells (PBMCs) from convalescent patients (33) revealed that cells from older children produced a much higher IL-10/IFN-␥ ratio, and therefore T-helper 2 subset (Th2) response, than those of younger children, who are more vulnerable because of their immature immune status. Those authors concluded that a vaccine, designed to stimulate immune responses mimicking those following invasive disease, should stimulate IL-10 production. The cellular source of cytokines in these studies was not identified, and therefore the T-helper subset response per se to meningococcal infection remains unknown.
Little is known about immune responses elicited by meningococcal carriage, and studies have thus far been concerned only with serum antibody. Carriage rates rise rapidly in childhood and peak at around 16 to 20 years before falling steadily with increasing age (25) . In contrast, serum IgG antibody levels remain low until adolescence and then steadily increase. It has been known for many years that carriage elicits a bactericidal antibody response that is specific for the strain carried but also cross-reactive with heterologous strains (13, 22, 34) . This response may provide high levels of protective antibody for several months after the carried strain has been lost. The members of the neisserial genus share several cross-reactive antigens, and it is thought that natural immunity against N. meningitidis may be obtained through colonization by commensal species such as Neisseria lactamica (45) . This mechanism is thought to be especially important in childhood, where carriage of N. lactamica fluctuates in the first 5 years of life (13) . Carriage elicits a response against a variety of meningococcal antigens, including class 1 (22) , class 2 (21) , and class 5 (37) outer membrane proteins and lipopolysaccharide (LPS) (21) . A detailed study of carriage and humoral immunity among military recruits demonstrated that the response was dominated by antibodies with specificity for the class 1 outer membrane protein (22) . This important molecule is a major component of the outer membrane and forms the basis for serotype and subtype classification of meningococci, since it exhibits antigenic diversity between strains.
Although colonization with a variety of meningococcal strains throughout life appears to be beneficial in inducing immune responses, colonization is not protective against subsequent recolonization with the homologous strain or a heterologous strain and is not always protective against invasive disease (4) . This may be in contrast with the immune response elicited by invasive disease, which is said to be cross-protective against further episodes of disease (13) . An analysis of immune responses elicited by carriage may therefore provide some clues concerning resistance and susceptibility to infection.
The aim of this cohort study was to investigate humoral and cellular immune responses elicited by meningococcal colonization among new university students, who are known to be subject to increased rates of carriage and acquisition of new strains (4, 30) . Salivary antibody levels were measured in addition to those in serum, so that mucosal as well as systemic antibody responses could be detected. In order to investigate carriage-induced immune responses more fully, and considering the lack of published data on antimeningococcal T-cell responses, several parameters of cellular immunity were studied, with a focus on T-helper cell subsets.
MATERIALS AND METHODS

Subjects.
A cohort of 228 first-year undergraduates were recruited at the start of the academic year, on the day of arrival at their hall of residence (dormitory), and a posterior pharyngeal swab was taken. An additional 46 first-year medical students were recruited 2 days later. Seventy-eight of the residence hall students and 46 medical students also volunteered to donate 50 ml of venous blood. One week later, 190 of the original 228 students were reswabbed.
At weeks 7 to 8 of the study, 48 students from the residence hall cohort and 30 medical students were swabbed again. Further samples of blood and also of saliva were collected. At weeks 20 to 21, 18 students from the residence hall and 17 medical students volunteered for the final swabs and blood and saliva collections. A total of 43 students provided samples at all three time points.
Cultures. Pharyngeal swabs were directly plated onto GC agar containing vancomycin, colistin, nystatin, and trimethoprim (selective supplement SR91) (Oxoid Ltd., Basingstoke, United Kingdom) at the point of sampling. Plates were incubated at 37°C with 5% CO 2 for 24 to 48 h. Isolates that produced colonies morphologically similar to N. meningitidis were subcultured and Gram stained.
Gram-negative diplococci were tested further using a Gonochek kit (EY Laboratories Inc., San Mateo, Calif.), and those thought to be N. meningitidis were serologically characterized at the Public Health Laboratory Service Meningococcal Reference Laboratory.
Clinical materials. Fifty-milliliter blood samples were collected in 10-ml Vacutainer tubes containing EDTA anticoagulant. Samples of serum were collected, frozen, and stored at Ϫ20°C. PBMCs were purified by density gradient centrifugation using Histopaque1077 (Sigma-Aldrich Company Ltd., Poole, United Kingdom). The washed PBMCs were split into three aliquots and frozen with 10% dimethyl sulfoxide in fetal calf serum (FCS) (Sigma) at Ϫ80°C overnight before being stored in liquid nitrogen vapor.
Saliva samples were collected into tubes and placed immediately on ice. The samples were stabilized with a cocktail of protease inhibitors with broad-range activity (Sigma) before being frozen and stored at Ϫ80°C.
Meningococcal antigen preparation. Using a method based upon that of Jones et al. (22) , overnight cultures of individual meningococcal isolates and the H44/76 strain in Muller-Hinton broth (Oxoid Ltd.) were centrifuged at 1,600 ϫ g for 15 min. The bacteria were harvested, washed, and then resuspended in sterile phosphate-buffered saline (PBS) before heat inactivation at 56°C for 30 min. Optical densities (ODs) of the suspensions at a wavelength of 600 nm were recorded. An OD of 0.30 was determined to be the optimum coating concentration for enzyme-linked immunosorbent assays (ELISAs).
Serum and salivary antibody ELISA. The ELISA protocol was based upon that described by Guttormsen et al. (15) . Briefly, 96-well ELISA plates (NUNC Maxisorp; Life Technologies, Paisley, Scotland) were coated overnight at 4°C with (per well) 50 l of meningococcal lysate diluted to give an OD of 0.30 in 0.05 M carbonate-bicarbonate buffer (pH 9.6). In order that a standard curve could be included, a portion of each plate was also coated with an optimal concentration of monoclonal anti-human IgG, IgA, or IgM Fab-specific antibody (Sigma). Plates were washed with PBS containing 0.05% Tween 20 (PBS-Tween) (Sigma) before blocking for 1 h at room temperature with 100 l of 3% bovine serum albumin (BSA) (Sigma) in PBS-Tween per well. Sera and saliva samples were diluted in PBS-Tween before 50 l/well was applied to the washed plates in duplicates. Dilutions from a standard curve of human IgG, IgA, or IgM (Sigma) were placed in the wells coated with anti-immunoglobulin antibody and were present on every plate. Plates were incubated at room temperature for 90 min before washing and addition of (per well) 50 l of alkaline phosphatase-conjugated anti-human IgG, IgA, or IgM diluted (to the working concentration suggested by the manufacturer) in PBS-Tween. After a further 90 min of incubation and rigorous washing, 100 l of the substrate solution was added per well. This solution was composed of Sigma 104 phosphatase tablets dissolved in diethanolamine buffer (pH 9.8) (Sigma). The plates were incubated for 30 min for IgG and IgM assays and for 90 min for IgA assays. ODs were read at 405 nm using an Emax Precision Microplate Reader (Molecular Devices), and standard curves were plotted. The limit of sensitivity of each assay plate was calculated as the mean OD plus three times the standard deviation for six control wells receiving no primary serum. The relative concentration of specific antibody in each sample was calculated by direct reference to the standard curve. The relative concentrations of antigen-specific and total IgA and IgG in saliva were measured.
Bactericidal assays. The method used for bactericidal assays was based upon that of Borrow et al. (6) . Briefly, Muller-Hinton broth was inoculated with 5 to 10 colonies from a fresh culture of N. meningitidis and incubated for 2 h at 37°C with shaking. Cells were removed, washed with sterile 0.5% BSA in PBS (Sigma), and diluted to 800 CFU per 10 l using an OD equivalence of 0.1 ϭ 2 ϫ 10 8 CFU/ml at a wavelength of 650 nm. Twenty microliters of diluted heat-inactivated test serum was mixed with 10 l of baby rabbit complement and 10 l of bacterial suspension. After 1 h of incubation at 37°C, the contents of each reaction well were serially diluted, 10-l aliquots were placed onto blood agar, and the plates were incubated overnight at 37°C with 5% CO 2 before the colonies were counted. The number of CFU in each reaction well was then calculated, and the percent reduction in CFU was determined by comparison with control wells which received no serum. A second set of control wells which contained serum but no complement was included in each test. The bactericidal antibody titer was defined as the dilution of serum resulting in a 50% reduction in CFU.
Cellular proliferation assays. As described previously (1, 23) , frozen aliquots of PBMCs were resuscitated, washed, and resuspended to 10 6 per ml in complete medium (RPMI 1640 supplemented with 10% human AB serum, 10 mM HEPES, 2 mM L-glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml) (Sigma). Two-hundred-microliter aliquots of cells were placed into the wells of a sterile 96-well flat-bottomed plate in quadruplicate together with 20 l of antigen, mitogen, or medium. A range of final concentrations of the H44/76 meningococcal lysate from 1 to 50 g of protein/ml was used in the assays together with tuberculin purified protein derivative (Statens Seruminstitut, Copenhagen, Denmark) at 20 g/ml as a positive control antigen and phytohemagglutinin (Sigma) at 10 g/ml as a mitogen control.
The cells were incubated at 37°C in 5% CO 2 for 7 days. For the final 18 h of culture, 1 Ci of [ 3 H]thymidine (Amersham Pharmacia Biotech, Little Chalfont, United Kingdom) was added to each well. The cells were harvested, and proliferation was detected by measurement of cellular [ 3 H]thymidine incorporation. Stimulation indices were calculated as the ratio of mean counts per minute from stimulated and unstimulated cells. Pilot experiments determined that fresh and frozen PBMCs gave reproducible results in these assays.
Assay of cytokine responses by intracellular staining and flow cytometry. According to a method based on that of Maino and Picker (28), 5 ϫ 10 5 PBMCs in 1 ml of complete medium were aliquoted into sterile 12-by 75-mm culture test tubes (Elkay Laboratory Products Ltd., Basingstoke, United Kingdom). Anti-CD28 antibody (Beckman Coulter, High Wycombe, United Kingdom) was added to each tube to give a concentration of 1 g/ml. The lysate from meningococcal strain H44/76 was added to give a final concentration of 20 g/ml. As a positive control, phorbol myristate acetate (PMA) and ionomycin were added to give final concentrations of 20 ng/ml and 1 M, respectively. Negative control tubes received anti-CD28 but no antigens or mitogens. Anti-CD28 antibody is com-1302 ROBINSON ET AL. INFECT. IMMUN.
monly used to improve the sensitivity of ex vivo assays of T-cell cytokine expression, but there is no evidence from other studies that it causes skewing of the response profile (38) . The cultures were incubated for 2 h at 37°C in 5% CO 2 before addition of brefeldin A (Sigma) at 10 g/ml and then replaced in the incubator for a further 8 h (which was determined by experimentation to be the optimal incubation time for measurement of intracellular cytokines following antigenic stimulation). The positive control PMA-ionomycin tubes were incubated for only 4 h after addition of brefeldin A.
The cells were pelleted at 200 ϫ g for 5 min before incubation on ice for 30 min during staining with anti-CD4-phycoerythrin-Texas red (anti-CD4-ECD), anti-CD8-ECD, anti-CD16-phycoerythrin (anti-CD16-PE), and anti-CD56-PE antibody conjugates (Beckman Coulter). The cells were washed three times with 1 ml of PBA buffer (PBS containing 0.1% BSA and 0.1% sodium azide) supplemented with 2% FCS (Sigma) before being fixed in 1 ml of 0.5% formaldehyde in borate-buffered saline at 4°C overnight. The cells were then washed with 1 ml of PBA, permeabilized with 1 ml of PBA containing 0.1% saponin (Sigma), and washed with 1 ml of PBA-0.1% saponin-10% FCS before being stained with anti-CD69-PC5, anti-IFN-␥-fluorescein isothiocyanate (Beckman Coulter), and anti-IL-5-PE (Pharmingen, San Diego, Calif.) antibody conjugates at 4°C for at least 2 h. The cells were washed three times with PBA-0.1% saponin before being fixed in 0.5% formaldehyde.
The data on fluorescently labeled cells were acquired using a Coulter EPICS XL-MCL flow cytometer and analyzed using WinMDI version 2.8 (http://facs .scripps.edu/).
Assay of TGF-␤1 in culture supernatants. PBMCs were cultured at 10 6 /ml in AIM V serum-free medium (GIBCO, Life Technologies, Paisley, Scotland) in 96-well plates for 72 h in the presence of optimum stimulatory concentrations of a whole-cell lysate from the H44/76 meningococcal strain, as previously determined by the proliferation assay. The sterile culture supernatants were collected by centrifugation and frozen at Ϫ80°C. A DuoSet ELISA kit (R&D Systems Europe, Ltd., Abingdon, United Kingdom) was used to quantify transforming growth factor ␤1 (TGF-␤1) according to the manufacturer's instructions.
Statistics. Statistical tests of paired sets of data were carried out using the Wilcoxon signed rank test. For unpaired data, the Mann-Whitney U test was used. The Spearman rank correlation coefficient was calculated to detect significant correlations in the data. In all cases, a difference or correlation was considered to be significant at a P value of Յ0.05.
RESULTS
Meningococcal carriage. As shown in Table 1 , the rate of carriage of N. meningitidis on the first day of the academic year (day 0 of the study) of the residence hall cohort of 228 students was 4.4%. Seven days later (at week 1) an increase in carriage to a rate of 20.5% was found. Carriage rates remained elevated at week 8 of the study (14.6%) and also at week 20 (45.0%), although there were fewer volunteers for these time points. Carriage rates among the cohort of medical students followed a similar trend, with the rate during the middle of the first week being elevated already at 19.6%.
Thirty-seven of the 77 isolates recovered during the study were nonserogroupable acapsulate strains (48.1%). Nineteen isolates were of group B (24.7%), the most prevalent serogroup. Seven strains (10.3%) were of group Y, two (9.1%) were of group W135, one was of group 29E, and one strain belonged to serogroup C.
Serum antimeningococcal antibody responses. The sera from 43 students who provided samples at all of the time points of the study were tested by ELISA for levels of antibody with specificity for the H44/76 strain (B:15:P1.7,16), belonging to the ET-5 complex of N. meningitidis. As the rate of meningococcal carriage increased among the group, the levels of meningococcus-specific serum IgG also increased (Fig 1a) . There was a significant (P Ͻ 0.001) twofold median increase in serum IgG between week 0 and weeks 7 to 8 and a further significant increase (P Ͻ 0.001) in median IgG concentrations from 47.6 g/ml at weeks 7 to 8 to 81.25 g/ml at weeks 20 to 21. All except 3 of these 43 students had an increase in their levels of antimeningococcal serum IgG of at least 30 g/ml. In contrast with the IgG data, however, no significant differences in serum IgA or IgM levels were detected over the course of the study (Fig. 1b and c) . Serum IgA levels remained at median levels of approximately 0.4 g/ml for the duration of the 21 weeks. The concentration of H44/76 strain-specific IgM in serum samples increased from a median of 48.5 g/ml at week 0 to 50.0 g/ml at weeks 7 to 8 and 60.0 g/ml at weeks 20 to 21. These differences, however, were not significant. The levels of serum IgG specific for carriers' own homologous isolates were significantly higher (P Ͻ 0.05) than those responses detected against the heterologous H44/76 strain. At weeks 7 to 8, the responses of a group of 12 students to their homologous strains were found to be on average 2.74-fold higher (median, 147.6 g/ml), than those detected against the H44/76 strain (median, 25.10 g/ml) (Fig. 2) .
In addition to the increase in concentration of H44/76 strainspecific IgG, a significant increase in the bactericidal activity of sera was detected over the 20 weeks of the study. The bactericidal activity of a range of dilutions of sera was tested against the H44/76 strain (Fig. 3) . At week 0, the mean bactericidal titer was 332.0. By weeks 20 to 21, however, this had increased significantly (P ϭ 0.02) to 789.6, suggesting an increase in the functional activity of the immune response.
Antimeningococcal antibody levels in saliva. Saliva samples collected from 37 students at weeks 7 to 8 and weeks 20 to 21 were tested by indirect ELISA to quantify IgA and IgG antibodies with specificity for the H44/76 strain. An increase in the relative concentration of specific IgA was detected. The median concentration in samples from weeks 7 to 8 was 600 ng/ml, while that in samples from weeks 20 to 21 was 745 ng/ml. There was no change in the median concentration of total IgA from weeks 7 to 8 (24.5 g/ml) to weeks 20 to 21 (23.75 g/ml); however, an increase in the proportion of meningococcus-specific IgA (from 22.9 to 37.3 ng of specific IgA:g total IgA; P ϭ 0.073) was calculated (Fig. 4) .
No significant differences in the relative concentrations of IgG were detected in the saliva samples during the study. An increase in the median ratio of specific to total IgG was noted, from 8.18 ng/g to 18.52 ng/g (geometric means, 8.79 and 18.37 ng/g, respectively), but the variation among the group was extremely wide (95% confidence interval [CI], 44.69 and 53.35 ng/g).
Antigen-specific proliferative responses of PBMCs. PBMCs from 15 students who had provided blood samples at all of the time points of the study were tested for proliferative responses to a range of concentrations from 1 to 50 g of protein per ml Following stimulation with meningococcal whole-cell lysate, however, the peak in the proliferative response to an optimal stimulatory concentration varied from individual to individual (Fig. 5) . No significant trends could be detected among the group, and sets of cells from some of the individuals responded with higher SI values than others. Indeed, PBMCs from three of the individuals did not appear to respond to stimulation with the H44/76 lysate, since their SI values did not exceed 2.0 at any of the three time points.
Characterization of cellular immune responses by using flow cytometry. The 15 sets of PBMCs tested in proliferation assays (see above) were incubated with a lysate of the H44/76 meningococcal strain in the presence of anti-CD28 monoclonal antibody for an optimal 10 h. Brefeldin A was added after the first 2 h in order to block cytokine secretion. The cells were stained for surface markers and then fixed and permeabilized in order to detect the intracellular cytokines IFN-␥ and IL-5 and also CD69.
In comparison with unstimulated controls, a significant increase in the percentage of CD69-positive events was detected in cultures stimulated with PMA and ionomycin (Ͼthreefold; P ϭ 0.000 at all time points) and also in those stimulated with the meningococcal lysate (twofold; P Ͻ 0.005 at all time points). Following meningococcal stimulation, the majority of IFN-␥ ϩ CD69 ϩ events proved to be CD16 CD56 ϩ NK cells (Fig. 6) . Indeed, a greater-than-fourfold-higher median frequency of CD69 ϩ IFN-␥ ϩ NK cells compared with CD4 A representative number of culture supernatants (from six samples of PBMCs) were assayed for the presence of TGF-␤1. Median TGF-␤1 concentrations in meningococcus-stimulated PBMCs from weeks 1, 7 to 8, and 20 to 21 were 56.4, 69.8, and 61.7 pg/ml, respectively. A significant negative correlation (P ϭ 0.05) between TGF-␤1 concentrations and cellular proliferation was detected (weeks 7 to 8, r s ϭ Ϫ0.80; weeks 20 to 21, r s ϭ Ϫ0.90).
DISCUSSION
Interest in immunity to meningococcal disease has grown over the last 10 years (19) . It is now recognized that rates of meningococcal carriage and invasive disease are higher among university undergraduates (30) than among others of the same age, and outbreaks of meningococcal disease have been reported at United Kingdom universities (12) . Several groups have investigated meningococcal carriage, but studies of the immune responses elicited have been limited to measurement of serum antibodies (22, 25, 34) . The present study was unique since it aimed to address both mucosal and systemic antibody responses and, more importantly, to investigate the cellular immune response elicited by carriage.
The study population of undergraduate students indeed proved to be subject to increasing rates of carriage, similar to those found in a previous and much larger study (30) . On the day of arrival at the university, fewer than 10% of the pharyngeal swabs proved to be positive for N. meningitidis, but a dramatic increase to greater than 20% was detected within 7 days. The elevated rate of carriage continued throughout the 21 weeks of the study and confirmed earlier findings, which also showed that the majority of recovered isolates were nonserogroupable (4, 30) . Despite the fact that only three highly experienced personnel collected the pharyngeal swabs, the rates of recovery of meningococcal isolates may be underestimates. It has been demonstrated that meningococci reside not only on the mucosal surface but also beneath it and therefore would be inaccessible to conventional swabs (39) . The data presented here do not attempt to define individuals as carriers and noncarriers, since we collected swabs on only a few occasions over the 21-week period and had no way to continuously determine carriage status, especially if carriage was of a short duration between swabbing points. The collection of pharyngeal swabs demonstrated that our selected students were representative of the dynamic patterns of transmission of meningococci in university halls of residence.
It has been known for many years that immunity to meningococcal disease is mediated by serum antibodies with bacte- ricidal activity (17) and that asymptomatic carriage stimulates such responses (13, 34) . Over the period of the present study, as the subjects were exposed to high rates of carriage, it was possible to reproduce these early findings, detecting a trend of increasing concentrations and bactericidal activity of serum IgG. The data showed a greater specificity of serological responses for the homologous colonizing strains, as found previously by Jones et al. (22), who demonstrated that the class 1 protein (PorA) of homologous strains elicited this enhancement in antibody specificity. Measurement of strain specificity in such antibody responses, however, may be complicated by "original antigenic sin." This phenomenon has been reported to occur when repeated infections with serologically different bacteria elicit the recall of antibodies with specificity for previously encountered similar strains (5) . An important finding of the present study was that carriage also elicits a mucosal immune response, as detected by the presence of increasing concentrations of specific (compared with total) IgA in saliva. This increase was not significant (P ϭ 0.07); however, during a similar study of immunity and meningococcal carriage during the 2000 to 2001 academic year, an increase of more than twofold in IgA specific for the H44/76 meningococcal strain (P Ͻ 0.05) was detected in saliva samples from week 1 to week 8 of the term (data not shown). During these experiments the mucosal origin of the IgA was not confirmed with assays for secretory component, but the absence of any change in serum IgA levels over the study period strongly indicates that the IgA detected in saliva was not derived from serum. Human salivary IgA responses with specificity for bacteria, such as oral commensal streptococci, have been described by many investigators (2, 9, 11) . Studies of antimeningococcal mucosal antibodies, however, have been concerned only with assessment of vaccine-induced immunity, where it was reported that parenteral vaccination with A/C polysaccharide (31) or conjugate vaccines (7, 50) elicits high serum IgG titers but also salivary IgA antibodies. Mucosal antibody responses appear to be important, since individuals who are nonsecretors of ABO blood group antigens are more prone to meningococcal colonization and this is said to be due to a deficiency of immunoglobulins in secretions (51) . The role of this mucosal response in protection has yet to be determined, but it is likely to be involved in limiting colonization of the nasopharynx and perhaps in an inhibition of invasion of submucosal tissues. Carriage of meningococci could therefore elicit a twofold mechanism of humoral immunity. IgA at the mucosal surface could provide a barrier at the portal of entry to the body (41), while serum IgG efficiently opsonizes invading organisms, targeting them for phagocytosis and complement-mediated lysis (32) .
The in vitro proliferative responses of PBMCs to the meningococcal lysate were surprisingly low; indeed, cells from three of the students failed to yield an SI of greater than 2.0 at any of the time points. Pollard et al. (33) described that high levels of IL-10 were secreted by PBMCs, collected from convalescent patients and healthy adults, in response to stimulation with meningococcal outer membrane vesicles. IL-10 produced by monocytes during the incubation of PBMCs with LPS or Escherichia coli cells has been reported to result in the inhibition of cellular proliferation (18) . It seems likely that such a mechanism could have inhibited the meningococcusspecific proliferation assays. Although the secretion of proinflammatory cytokines by monocytes in responses to meningococci has been described (46) , there are presently no data on suppressive factors such as IL-10. It is intended that IL-10 assays will be incorporated into future experiments.
The measurement of cellular immune responses to complex antigenic structures such as bacteria remains difficult. When PBMCs are stimulated in vitro with bacterial antigens, both innate and adaptive immune mechanisms may be activated. It may not be appropriate to separate these pathways in culture, since in vivo an immune response encompasses a network of effector cells, and adaptive immune responses are influenced by the local cytokine environment, which may be provided by innate mechanisms (36) .
Our experiments were designed to measure the T-cell response to meningococci and employed detection of CD69 expression, an early activation marker (44) ϩ CD4 cell response of PBMCs stimulated with meningococci was considered to represent the memory response, although it is possible that the cytokine profiles were influenced by innate responses in vitro.
Cellular immunity to meningococcal infection has been poorly studied, and previous workers have described Th2 subset responses by comparison of IL-10 and IFN-␥ concentrations in antigen-stimulated PBMC culture supernatants (33) . Clearly, this method could not determine the cellular source of cytokines, especially since factors such as IL-10 are now known to be produced by a variety of human cell types, including Th0 cells, Th1 cells, Th2 cells, CD8-positive cells, B-cells, monocytes, and macrophages (29) . In the present study, therefore, the powerful technique of intracellular cytokine staining for flow cytometry (28) was used to measure cytokine expression among circulating memory CD4 clones, which may have been polarized Th0, Th1, or Th2 cells (42) . IFN-␥ and IL-5 were chosen as representative Th1-and Th2-associated factors, re- (40), who examined a different feature of the recall cytokine response but used similar methodology. After 7 days of culture, human T-cell responses to porins from Neisseria gonorrhoeae were dominated by Th2 and T-cytotoxic 2 (Tc2) subsets. The incubation time for these assays was much longer (at 7 days), and since the expression of certain cytokines is known to occur in a time-dependent manner (38) , this may account for the differences.
The majority of the sets of meningococcus-stimulated PBMC cultures exhibited increasing T-cell responses of an unbiased Th phenotype over the course of the study. A proportion of samples, however, responded with a marked reduction in IFN-␥-and IL-5-positive CD4 events from week 7, despite maintaining levels of CD69 ϩ CD4 cells. Lowered cellular proliferation was also detected among these samples, which correlated with an increase in TGF-␤ in culture supernatants. It is known that meningococci induce proinflammatory cytokines when in contact with epithelium, endothelium, and leukocytes (27, 43, 48) ; therefore, the asymptomatic nature of carriage becomes a paradox. A possible parallel may be drawn with mucosal tolerance to commensal bacteria of the intestine, which are also capable of eliciting proinflammatory cytokines in vitro (41) . Responses to such commensals are mediated by Th3 (or Tr1) cells, which are poorly proliferative, primarily secrete the suppressive cytokines TGF-␤ and IL-10, but can secrete low levels of Th1 and Th2 cytokines (14, 47) and may be detected in the peripheral circulation as well as in mucosa-associated lymphoid tissues (10) . It is possible, therefore, that the poorly proliferative cellular responses of some individuals were of the Th3 subset or that elevated levels of non-CD4 cell-derived suppressive cytokines such as TGF-␤ and IL-10 inhibited proliferation and cytokine production. Further experiments will be required to address this question, and future studies will include analyses of the response to purified meningococcal antigens.
When analyzing the immune responses of human subjects, considerable variation between the genetically diverse individuals gives rise to difficulties in determining significant trends. Despite these problems, the results of the study have shown for the first time that meningococcal carriage induces both systemic and mucosal antibody responses. Using intracellular staining and flow cytometry, it was possible to study the expression of cytokines among activated CD4 cells to determine that an unbiased Th subset response was elicited. A far higher frequency of IFN-␥-producing activated NK cells than of CD4 cells was detected in meningococcus-stimulated PBMC cultures. These results emphasized that merely quantifying IFN-␥ and IL-5 in culture supernatants could have given misleading indications of the T-helper subset response and demonstrate the importance of determining the cellular origin of such factors.
